1. Introduction {#sec0005}
===============

Percutaneous imaging-guided core needle biopsy (CNB) for suspicious breast lesions is a standard diagnostic tool for tissue characterization \[[@bib0005], [@bib0010], [@bib0015], [@bib0020]\]. Ultrasound plays an important role for a real-time breast biopsy \[[@bib0025]\] and has various other applications, such as carotid artery \[[@bib0030],[@bib0035]\]. As the system allows for real-time guidance, no ionizing radiation is required \[[@bib0040]\], the procedure is inexpensive and it is comfortable for the patient \[[@bib0045], [@bib0050], [@bib0055]\]. The radiologist uses one hand to hold the ultrasound transducer to scan for suspicious lesions and the other hand is used to perform needle insertion, while the patient lies in a supine or decubitus position \[[@bib0045]\]: this is referred to as the free-hand technique.

The ultrasound probe is covered with a plastic bag to avoid infections then a coaxial needle is inserted towards the target before using the biopsy needle to avoid scars from multiple needle insertion. However, the advance of technology and knowledge allow no infection and successful treatment with the covered probe and an uncovered probe \[[@bib0050]\]. The success of a core needle biopsy to examine breast lesion depends on the accuracy of the diagnostic. High accuracy of the diagnostic leads to high proficiency treatment planning and low sampling error \[[@bib0015]\]. False negative is an important concern for core needle biopsy because it leads to inappropriate treatment causing the patient to suffer from re-biopsy or re-operation. For 14-guage (G) CNB under US, the success rate is about 96% \[[@bib0020],[@bib0060]\]. The false negative rate is around 2% (1.6 \[[@bib0020]\], 2.4 \[[@bib0060]\]). Even ultrasound guided breast biopsy is a conventional method for breast biopsy, difficulties of needle guidance in 2D image is a major problem.

The radiologist needs to control the needle within the ultrasound plane for visualizing the needle. Moreover, the needle has to parallel to the patient's chest wall to avoid chest wall puncture. This procedure is difficult and requires a substantial amount of experience from the radiologist. Improper needle localization within the ultrasound plane can affect the procedure times and needle position accuracy \[[@bib0065]\]. Some research groups \[[@bib0025],[@bib0070],[@bib0075]\] have developed breast biopsy navigation system in the prone position with different type of modalities; however, these approaches consume a lot of time to setup and are uncomfortable for the patient. Augmented reality system \[[@bib0080]\] has been developed to display the ultrasound plane during needle insertion, which is similar to an optical needle guidance \[[@bib0085]\] and displays a line along the patient's skin. An optical needle guide \[[@bib0090]\] and clear guide one also use camera, mounted on an ultrasound probe, to localize a needle alignment relative to the ultrasound plane.

The result of the needle alignment will be displayed on the ultrasound image. However, all of the above mentioned about problems in intervention technique associated with the control needle alignment in the ultrasound plane and with the hand eye coordination between image guidance system and the biopsy tools such as the needle and the ultrasound probe. This problem has been solved by a mechanical guidance device attached to the ultrasound transducer to control needle alignment with respect to the ultrasound image for every movement. A few companies have developed a guidance device for the biopsy procedure by fixing the angle of needle insertion within the ultrasound view. A rotary wheel needle--guide on a bracket which is attached to an ultrasound transducer \[[@bib0095]\] has been developed to move the needle without fixing the angle, but the position of the needle during movement is still a problem. A two planar linkage with 2D guidance system has been developed with the magnetic rotary sensors to detect the angular displacement \[[@bib0100]\]. This system is tested and compared between an experienced and inexperienced radiologist group \[[@bib0105]\], which shows high accuracy and lower procedure time. However, the device cannot be sterilized because of its complex structure.

This article proposes a breast biopsy navigation system with an assisted needle holder tool for a coaxial needle and a graphical user interface, which utilizes an optical tracking device to localize the needle position relative to the ultrasound image. Tool tip calibration \[[@bib0110],[@bib0115]\] and ultrasound calibration have been performed before starting the guidance system. Assisted needle holder tool controls the needle alignment within the ultrasound plane with a simple structure, which can be sterilized. Needle insertion is overlaid on the ultrasound image with 3-guidance line in different color. The distance and the angle between the needle tip and the target are presented with the number and sign. Success rate and procedure time with and without using this system are evaluated by both experienced and inexperienced participants.

2. Materials and methods {#sec0010}
========================

The institutional review board approved the study. Informed consent was waived.

2.1. Participants {#sec0015}
-----------------

Participants in the study were categorized in two groups. The experienced group consists of nine board-certified radiologists with training in body intervention and experience in image-guided CNB ranging from 2 to 15 years. The inexperienced group consists of 5 residents in radiology (year 1 to 3) and 3 radiation technologists.

2.2. Ultrasound and equipment's {#sec0020}
-------------------------------

US-guided CNB is performed using the freehand technique and a high-resolution US unit with 5-12-MHz linear-array transducer (iU22, Philips Advanced Technology Laboratories, Bothell, WA, U.S.A.) CNB obtained using a long-throw (22 mm.), 14-guage cutting needle (MDTECH; Gainesville, FL, USA) with an automated biopsy gun (Magnum; Bard peripheral technologies, Covington, GA, U.S.A.)

2.3. Assisted needle holder tool {#sec0025}
--------------------------------

Assisted needle holder tool is designed to attach with the US transducer. A coaxial needle with a 2 mm in diameter, is used before biopsy needle, is attached to this guidance assisted needle holder. If the coaxial needle can reach the target, a biopsy needle is also inserted towards the target and any changes in direction relate to the coaxial needle and lesion position. The structure of this assisted needle holder is a planar system, which lies on the same ultrasound-scanning plane. This helps control the needle alignment in plane to an ultrasound-scanning plane and reach on the target. Depths of ultrasound machine start at 2.5 cm--8 cm, and the standard breast size in diameter is approximately 110 mm. The minimum and maximum workspaces of this assisted needle holder are as shown in [Fig. 1](#fig0005){ref-type="fig"}.Fig. 1(a) minimum and (b) maximum of workspace of assisted needle holder design.Fig. 1

The needle holder tool is designed without a locking mechanism because a lesion is moveable during needle insertion. This phenomenon is occurred because human breast consists of fat that is deformable. The position of lesion is changed related to the outer force. Hoop-strain technique is utilized for each joint to hold into place and assist adjustment in fine adaptation. Plastic is an appropriate material for hoop-strain technique, which is the expansion of the circumference of the more elastic piece as it is pushed onto the more rigid piece. This material is usually applied in the snap fit joints design. The details of snap fit technique design will be described in the following section. Moreover, gaseous chemicals can sterilize this material, which is a conventional method for the sterilization of a medical device. ABS plastic is chosen to form this needle holder tool using 3D machine printing.

The design of the joints is called the snap fit method. Snap fit is a simple, economical and rapid way for connecting two links. The links are either separable or inseparable depending on the undercut (snap fit height) design. Transverse force and mating force are also important factors to the design with the assignment of an appropriate force for separation. All parameters are calculated to design this needle holder tool and form separable components for sterilization and assembly. Mating force is the last parameter to calculate after finding appropriate value in the following equation:$$W = y*d*Es*0.62\frac{\sqrt{\left( {\frac{d_{0}}{d} - 1} \right)/\left( {\frac{d_{0}}{d} + 1} \right)}}{\frac{\left\lbrack {\left( \frac{d_{0}}{d} \right)^{2} + 1} \right\rbrack}{\left\lbrack {\left( \frac{d_{0}}{d} \right)^{2} - 1} \right\rbrack} + v}*\frac{\mu + \tan\alpha}{1 - \mu\tan\alpha}$$Where *W* is the mating force, *y* is the snap fit height, *d* is the diameter at a joint, *Es* secant modulus, *d~o~* external diameter of the tube, $\mu$ friction coefficient and $\alpha$ lead angle

*Es* and $\mu$ are constant values depending on a material; *d* and $\alpha$ are assumed to be a constant of 3 mm, which is related to the shaft diameter of 5 mm. and 45 degrees of angle for a suitable lead angle. Therefore, *y* and *d~i~* have been adjusted to produce an appropriate mating force as shown in [Fig. 2](#fig0010){ref-type="fig"}. The hollow's depth should be lower than 1.8 $\sqrt{d}$ \**t*, where *d* is the joint diameter and *t* is the wall thickness, to avoid a triple force. Thus, the distance of the hole from the end of the tube is 3 mm. The undercut and thickness have been adjusted to be 1.5 mm. and 1 mm. to increase elasticity and still allow locking of the shaft at the hole position during rotation without any support. The returning angle is around 30 degrees angle with filleted edges to create a curve that is easier for attaching and detaching the links. If the returning angle is too high, the components are difficult to detach. If the returning angle is too low, the components will slip out from the hole. All revolute joints as shown in [Fig. 2](#fig0010){ref-type="fig"} were designed using snap fit technique.Fig. 2Annual snap fit design for revolute joints.Fig. 2

There are 7 parts in the needle holder tool design. Probe mounting (1), which is attached to the ultrasound probe. The reference marker attached on the marker probe (2) a locking part with ladder phantom (3) is used for ultrasound calibration procedure. There are three linkages (4, 5, 6) to move in the planar plane. The last linkage is connected with the coaxial needle attachment (7). All components are shown in [Fig. 3](#fig0015){ref-type="fig"}(a), and the prototype of this assisted needle holder tool, attached to an ultrasound transducer, is shown in [Fig. 3](#fig0015){ref-type="fig"}(b).Fig. 3(a) the components and (b) the prototype of the assisted needle holder.Fig. 3

The optical tracking device (*NDI Polaris*) is used to localize the lesion position from the ultrasound image and needle holder tool position. There are two passive markers on the needle holder tool: the marker for the ultrasound transducer and the marker for the coaxial needle. These markers are attached to the needle holder tool to maintain the same orientation, which allows for easier determination of the ultrasound calibration and tool tip calibration. The first marker is set to be the reference coordinates in this system. Ultrasound calibration is a procedure that is used to find the relationship between the passive marker attached on the ultrasound transducer and the origin of an ultrasound image. The information in the ultrasound image is converted into the optical tracking coordinate system. Tool tip calibration is another procedure used to find a relationship between the passive marker attached on the needle and the needle tip, so the position of needle tip is known in the optical tracking coordinate system.

2.4. Graphical user interface (GUI) {#sec0030}
-----------------------------------

The image guidance displays a trajectory path to a user before starting a needle insertion. The trajectory path between the lesion and the entry point, needle orientation and needle line are overlaid on the real-time ultrasound image as shown in [Fig. 4](#fig0020){ref-type="fig"}. This figure is captured from the ultrasound machine through a video capture card (*AVerMedia AVerTV Volar go*). The small dotted line (*No.1*) represents the trajectory path that is shown after choosing the breast lesion. The big dotted line (*No.2*) represents the needle orientation which shows a reality of needle's movement by the user. This line should be controlled to lie on the same path as the trajectory path before needle insertion. Therefore, the needle orientation is roughly set from outside the breast to reduce tissue damage. The end of this point is called an entry point. The white line is the simulated needle, which represents the real needle.Fig. 4Guidance image for needle insertion with the trajectory path (1), needle orientation (2) and simulated needle (3).Fig. 4

There are four components in the graphical user interface within the breast biopsy navigation system, which are shown in [Fig. 5](#fig0025){ref-type="fig"}. The navigation system consists of an instruction panel, ultrasound depths, ultrasound image guide and a navigation mode.Fig. 5Graphical user interface for breast biopsy navigation system.Fig. 5

The instruction panel uses the angle and distance between the real coaxial needle and the target and shows a green light when the error is lower than absolute one degree and 1 mm. (*acceptable error*) respectively. Warning sign is displayed to warn the user when the markers from each device are not in the workspace. This warning sign consists of a status of the marker on the ultrasound transducer, the marker on the coaxial needle and the needle alignment with respect to the ultrasound plane. The ultrasound depths are selected relative to the actual depths in an ultrasound machine before starting the breast biopsy navigation system. The system will automatically adjust the guidance image to fit with the real ultrasound image. The final part is a navigation mode, in which the user can choose to turn on or off the navigation mode depending on the purpose or their experience.

The breast phantom, in this study, is made of a gel candle (95% mineral oil and 5% polymer resin) in a hemisphere shape, which is *110 mm*. in diameter embedded with many breast lesions made of clay in the range of 15--20 mm. in diameters. These range of diameters are in the ranges of visible diagnosis and examination in the clinical application. Even a texture of clay is not definitely similar to real lesion and possible to have a shadow in the ultrasound image, but the thickness of this shadow was lower than 2 mm. and did not influence decision-making from the radiologist. This phantom is for system tests and the evaluation of system performance. This phantom is covered by a black plastic bag, so the user cannot see the target (lesions) in the breast phantom. Nine experienced and eight inexperienced radiologists at the hospital perform biopsy 5 times in each person and in each condition. The user starts the experiment with the freehand method 5 times, then using an assisted needle holder tool 5 times, and lastly, the integration of the whole system (assisted needle holder tool and GUI) in this experiment. Success rate and time are collected and evaluated to analyze the proficiency of this system. If the needle can reach the target, the breast biopsy procedure is successful. Starting time begins when the needle is at the entry point and ready for insertion. [Fig. 6](#fig0030){ref-type="fig"} shows the experimental setup that consists of the ultrasound machine, an assisted needle holder tool, a personal computer to display the image guidance, the optical tracking system and the breast phantom (not covered with a black plastic bag).Fig. 6The experiment setup.Fig. 6

3. Results {#sec0035}
==========

The results from the experiments are evaluated using the procedure time and success rate, which are two important factors for the breast biopsy procedure. There are six groups of results with different conditions and groups of participants. [Fig. 7](#fig0035){ref-type="fig"}(a) and [Fig. 7](#fig0035){ref-type="fig"}(b) show comparison of result in time and success rate for the experienced and inexperienced participants in each condition.Fig. 7The result comparison of (a) time and (b) success rate to finish the procedure by the experience and inexperience intervention.Fig. 7

The experienced group spent most time to finish the procedure using the whole system *(Assisted Needle Holder + GUI)*. For the condition of using the freehand method and using only the needle holder tool, the procedure time is similar. On the other hand, the inexperienced group spent the least amount of time to finish the experiment when using only the needle holder tool and spent much time when using the freehand and the whole system method. There are three comparisons to investigate the system's performance with respect to each component, using data from both groups and determining the statistically significant difference in success rate and procedure time. Wilcoxon's Z statistic 2 tails and one-proportion z-test, statistical method for nonparametric data, are applied to analyze the different result in spending time and success rate between two conditions in the same samples. There is a significant different when the *p* value is lower than 0.01 (*p \< 0.01*).

3.1. The performance of the breast biopsy procedure with and without assisted needle holder tool {#sec0040}
------------------------------------------------------------------------------------------------

This comparison investigates the effectiveness of an assisted needle holder tool with respect to the experienced and inexperienced groups' skills in the breast biopsy procedure. The results of breast biopsy using the freehand method and assisted needle holder tool are analyzed as shown in [Table 1](#tbl0005){ref-type="table"}.Table 1Biopsy procedure time and success rate for experience and inexperience groups using freehand and assisted needle holder method with statistical analysis.Table 1Time (s)Wilcoxon\'s Z statistic 2 tailsSuccess Rate (%)One-proportion Z-testAverageSDExperienceFreehand6.0224.191Not significant\
(p = 0.88)95.56Not significant\
(p = 0.311)Assisted Needle Holder6.0444.462100InexperienceFreehand12.92514.880Significant\
(p = 0.0006)57.5Significant\
(p \< 0.0001)Assisted Needle Holder6.7255.99697.5

The average time for the experienced group are 6.022 $\pm$ 4.191(*SD*) seconds and 6.044 $\pm$ 4.462(*SD*) seconds using freehand method and assisted needle holder method respectively. The results of success rate from both methods in experienced group are also similar with 95.56% for the freehand method and 100% for an assisted needle holder method. Statistical analysis shows no significant difference in procedure time and success rate between the freehand method and an assisted needle holder method for the experienced group. The results in the inexperienced group, in contrast, are significant different in procedure time and success rate between the freehand methods and assisted needle holder method. The inexperienced group spends more time when using the freehand method, around 12.925 $\pm$ 14.88(*SD*) seconds, with a low success rate of 57.5%. Using an assisted needle holder, the procedure time is 6.725 $\pm$ 5.996(*SD*) seconds and the success rate is 97.5%. The procedure time for this group is lower when using an assisted needle holder in comparison to using the freehand method; conversely, the success rate when using an assisted needle holder is higher than using freehand method.

3.2. The performance of the breast biopsy procedure with and without the graphical user interface (GUI) {#sec0045}
-------------------------------------------------------------------------------------------------------

The graphical user interface or image guidance system is another component that is very important in the breast biopsy navigation system. The results for biopsy completion time and success rate using only an assisted needle holder and the whole navigation system (*GUI + Assisted Needle Holder*) for both groups of participants are compared to investigate the effectiveness of the graphical user interface as shown in [Table 2](#tbl0010){ref-type="table"}.Table 2Biopsy procedure time and success rate for experience and inexperience groups using the assisted needle holder and the system (Assisted Needle Holder and GUI) method with statistical analysis.Table 2Time (s)Wilcoxon\'s Z statistic 2 tailsSuccess Rate (%)One-proportion Z-testAverageSDExperienceAssisted Needle Holder6.0444.462Significant\
(p \< 0.0001)100Not significant\
(p = 0.312)Assisted Needle Holder + GUI10.5336.41697.78InexperienceAssisted Needle Holder6.7255.996Significant\
(p = 0.0026)97.5Not significant\
(p = 0.0428)Assisted Needle Holder + GUI11.4256.91792.5

The average time for the experienced group using only an assisted needle holder method and an assisted needle holder with GUI method are 6.044 $\pm$ 4.462(*SD*) seconds and 10.533 $\pm$ 6.416(*SD*) seconds respectively. There is a significant difference in time between two methods, found using Wilcoxon's z statistic 2 tails. The success rate for the experienced group with only assisted needle holder is 100% and with assisted needle holder and GUI is 97.78%, which shows no significant difference between the success rates for the two scenarios based on statistical analysis. The results for the inexperienced group also show insignificant difference in success rate but have significant difference in time for the two scenarios. The time to task completion when using only an assisted needle holder and using an assisted needle holder with GUI are 6.725 $\pm$ 5.996(*SD*) and 11.425 $\pm$ 6.917(*SD*) seconds respectively. The success rates are 97.5%, using only an assisted needle holder and 92.5%, using assisted needle holder with GUI, which shows similarity in success rates for both procedures.

3.3. The performance of the breast biopsy procedure with and without the breast biopsy navigation system {#sec0050}
--------------------------------------------------------------------------------------------------------

The previous comparison shows the efficiency and effectiveness of each component in the breast biopsy navigation system. This comparison, using freehand technique and the whole system (*Assisted Needle Holder + GUI*), observes the effectiveness of the breast biopsy navigation system with respect to the conventional breast biopsy procedure for experienced and inexperienced groups. [Table 3](#tbl0015){ref-type="table"} shows the result and statistical analysis of this condition.Table 3Biopsy procedure time and success rate for experience and inexperience groups using freehand method and the breast biopsy navigation system method with statistical analysis.Table 3Time (s)Wilcoxon\'s Z statistic 2 tailsSuccess Rate (%)One-proportion Z-testAverageSDExperienceFreehand6.0224.191Significant\
(p = 0.0002)95.56Not significant\
(p = 0.4936)Assisted Needle Holder + GUI10.5336.41697.78InexperienceFreehand12.92514.880Significant\
(p = 0.0026)57.5Significant\
(p \< 0.0001)Assisted Needle Holder + GUI11.4256.91792.5

The average time in the experienced group and inexperienced group using freehand method are 6.022 $\pm$ 4.191(*SD*) second and 12.925 $\pm 14.$ 880(*SD*) seconds. Using the navigation system the time taken for the experienced group is 10.533 $\pm$ 6.416(*SD*) seconds, and for the inexperienced group is 11.425 $\pm$ 6.917(*SD*) seconds. The success rate also shows the same results as the average time. The success rate in the experienced group using freehand and the navigation system are 95.56% and 97.78% respectively. On the other hand, the success rate in the inexperienced group is 57.5% using the freehand method and 92.5% using the navigation system. Wilcoxon's Z statistic 2 tails shows a significant difference in time between the freehand method and the navigation system method in both the experience and inexperienced groups. However, one-proportion Z-test shows a significant difference between the two procedures for the inexperienced group but not for the experienced group.

4. Conclusion and discussion {#sec0055}
============================

The results from the experienced group indicate that the time taken to perform a breast biopsy using the whole navigation system is highest, freehand method comes in the second, and the fastest time is when breast biopsy is performed using only an assisted needle holder. The results imply that the GUI in the navigation system effect the procedure time in breast biopsy procedure for trained professionals. The user has to concentrate on the needle line and needle insertion path, which should lie on the same path during needle insertion. However, the breast biopsy navigation system increases the success rate for the inexperienced group when compared with the freehand method \[[@bib0120]\]. The experienced group also get high success rate in all conditions. More time spend on biopsy when using the whole navigation system; most participants prefer this system because the system guides the insertion path and avoids mistakes in needle insertion direction. An assisted needle holder tool helps the inexperienced group control the needle's orientation within the ultrasound plane, which is the main problem for new radiologists when performing breast biopsy. The user needs to align the ultrasound plane and the needle axis while attempting to maintain the visualization of the target lesion in the freehand procedure that leads to multiple reinsertions \[[@bib0125]\]. The GUI helps the user predict the needle insertion line before starting and calculates the distance between the target and the entry point, which help the user to approximate the distance with respect to the actual length of the needle. Moreover, the breast biopsy navigation system controls needle motion, which leads to low tissue trauma and no multiple reinsertion.

An assisted needle holder tool is designed and developed to use with two functions: with and without the navigation system. The user can choose to use freehand method, only an assisted needle holder or the whole system depending on each user's experience in the procedure. Adaptation mode is designed to consider the variety of skill and personality of each user. However, using only image guidance or graphical user interface (*without assisted needle holder*) should be implemented in the breast biopsy navigation system. Assisted needle holder has been designed with no electronic part and plastic material, so it is easy to sterile and put each part together in a short period.

The breast biopsy navigation system can improve efficiency and accuracy of breast biopsy in an inexperienced group by decreasing the procedure time for successful clinical breast biopsy. The system encourages new radiologists to finish the procedure with high confidence and limit the injuries accidents and discomfort to the patient. For experience radiologist, the breast biopsy navigation system is a new chance to perform breast biopsy with high success rate, low accidents, no needle reinsertions and low awareness. The researcher believes that this breast biopsy navigation system has potential for clinical application allowing the radiologists more accuracy and efficiency.
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